We report pure carbon-based superlattices that exhibit direct band gaps and excellent optical absorption and emission properties at the threshold energy. The structures are nearly identical to that of cubic diamond except that defective layers characterized by five-and seven-membered rings are intercalated in the diamond lattice. The direct band gaps lie in the range of 5.6∼5.9 eV, corresponding to wavelengths of 210∼221 nm. The dipole matrix elements of direct optical transition are comparable to that of GaN, suggesting that the superlattices are promising materials as an efficient deep ultraviolet light emitter. Molecular dynamics simulations show that the superlattices are thermally stable even at a high temperature of 2000 K. We provide a possible route to the synthesis of superlattices through wafer bonding of diamond (100) surfaces.
I. INTRODUCTION
Carbon (C) exhibits various allotropes such as diamond, graphite, graphene, fullerene, and nanotubes 1 . Among these allotropes, diamond, a metastable crystalline form of carbon, belongs to wide band gap semiconductors such as SiC and GaN. In addition, diamond exhibits high electric breakdown field, high thermal conductivity, high saturated electron drift velocity, high carrier mobility, and excellent thermal stability 2 . Due to superior electrical and thermal properties, as compared to Si and other wide band gap semiconductors, diamond is considered as a promising material for devices which operate at very high voltages, frequencies, and temperature. However, diamond is not an efficient light emitter due to its indirect band gap nature. On the other hand, one-dimensional carbon nanotubes exhibit a variety of electronic properties ranging from metallic to semiconducting 3 , while graphene, a two-dimensional allotrope of carbon, has a band gap of zero. Although light emitting devices were realized based on single-walled carbon nanotubes with direct gaps 4, 5 , their utility as a light source is limited by their nanometre scale size.
Recently, a great deal of attention has been paid to the prediction/discovery of new carbon allotropes. The process of cold compression of graphite [6] [7] [8] [9] [10] [11] and carbon nanotubes [12] [13] [14] is known to produce many unknown phases of carbon, and extensive computational studies have been attempted to understand them in terms of their structural clarification. Numerous carbon allotropes were suggested as candidates, such as M carbon 15 24 (also named C carbon 26 ), F carbon 27 (also named J carbon 28 ), oC32 carbon 29 , and M585 carbon 30 . These allotropes form sp 3 bonds and their structures are characterized by the topological arrangement of 4-, 5-, 6-, 7-, and 8-membered carbon rings 22, 31 , different from the cubic or hexagonal (lonsdaleite) phase of carbon.
While most carbon allotropes are of indirect band gaps, some allotropes were proposed to be direct band gap semiconductors, for example, S carbon 24 , Z-ACA 25 , Z-CACB 25 , C carbon 26 , fullerite C 24 32 , T carbon 33 , TY carbon 34 , sp 2 -diamond 35 , and Amm2 carbon 36 . Although extensive studies were performed for the structural properties such as energetics, hardness, and phase transition, the electronic properties were not as well studied. Semiconductors which can emit photons with wavelengths shorter than 350 nm have potential to be used in deep ultraviolet (UV) light emitting diodes (LEDs) and laser diodes (LDs). Currently, AlGaN alloys have been considered as candidates for deep UV light sources. Although GaN-based LEDs in the near UV range (at 365 nm) were successfully demonstrated 37 , it is still a challenging issue to obtain high external quantum efficiencies in AlGaN-based LEDs with wavelengths below 250 nm [38] [39] [40] . For applications to LEDs and LDs in a deep UV wavelength range, it is desirable to search for direct band gap carbon allotropes with the gap sizes comparable to that of diamond.
In this work, we find direct band gap carbon allotropes in the form of superlattices through computational searches, based on a combined approach of global optimization and first-principles density functional calculations. The direct band gaps range from 5.6 to 5.9 eV, suitable for high power applications. The optical transitions at the threshold energy are comparable to that of GaN, suggesting that the designed allotropes can serve as promising materials for a deep UV light source.
II. CALCULATION METHOD
We explored carbon allotropes with direct band gaps by using a combined computational approach 41 of conformational space annealing (CSA) 42 for global optimization and first-principles electronic structure calculations. We used a variant of CSA where the enthalpy of the system was minimized and the objective function was designed to promote the formation of a direct band gap. The enthalpy minimization and the analysis of electronic properties were performed within the framework of density functional theory. We used the functional form of Perdew, Burke, and Ernzerhof (PBE) 43 for the exchangecorrelation potential and the projector augmented wave potentials 44 , as implemented in the VASP code 45 . The wave functions were expanded in plane waves with an energy cutoff of 600 eV, and an even higher energy cutoff of 800 eV was used at the final stage of optimization. Without using any knowledge of known crystal structures of carbon, we optimized the degrees of freedom including atomic positions and lattice parameters for C systems with N atoms per unit cell (N = 8, 12, 16, 20) . The number of configurations was set to 50 in the population size of CSA.
III. RESULTS AND DISCUSSION
From the extensive conformational search, we obtained many direct gap carbon allotropes with sp 3 -hybridized bonds. When visually inspected, we notice that some of the low-energy ones are represented by the superlattice structure of C(100) n /C(5-7), where n C(100) layers (n = 2, 3, and 4 for N = 12, 16, and 20, respectively) and a defective layer denoted as C(5-7) are stacked in an alternating fashion (Fig. 1) . The C(100) layers are almost identical to their corresponding layers of diamond along the [100] direction (here along the z-axis). The C(5-7) and its neighboring C(100) layers form alternating 5-and 7-membered rings along the y-axis. Recently, we reported Si superlattices with direct and quasidirect band gaps 46 , where multiple Si(111) layers and a defective layer containing Seiwatz chains are stacked in a similar fashion as in C(100) n /C(5-7). In the Si superlattices, however, the Si layers are oriented along the [111] direction and the 5-8-type rings are formed in the defective region.
For superlattices with odd n, we found the same Bravais lattice, simple monoclinic, with the space group P 2/m (Table I) . On the other hand, two types of superlattices (referred to as type-I and type-II) exist for even n, depending on the relative positions of defective layers. As shown in Fig. 1 , the a 3 vectors differ by 0.5 a 2 between type-I and type-II. The type-I (type-II) Bravais lattice is a base-centered (body-centered) orthorhombic lattice, with the space group of Cmcm (Imma). We note that 6 out of 10 superlattices in Table I were previously reported separately 22, [24] [25] [26] [27] [28] . However, no systematic understanding of the structural variations of the superlattices in terms of n and the dependence of Bravais lattice on the defective layers was attempted previously. Here we explicitly investigate the optical performance of these superlattices in a systematic way. We examined the band structures of C(100) n /C(5-7) for n up to 10 using the PBE functional ( Fig. 2 and see Appendix A). The superlattice with n = 1 shows an indirect band gap of about 4.36 eV. For n ≥ 2, all the superlattices are of direct band gaps located at the Γ point, which were estimated to be 4.00∼4.31 eV for n = 2∼7 (Table I) . When more accurate G 0 W 0 calculations 47 were performed, the gap sizes were improved to 5.57∼5.94 eV, without changing the nature of band gaps. We note that the indirect and direct band gaps of diamond estimated by G 0 W 0 are 5.45 and 7.34 eV, respectively, in good agreement with their experimental values of 5.5 and 7.1 eV 48, 49 . We also note that both the equilibrium volumes and the direct band gaps tend to decrease with increasing n.
For proper evaluation of a carbon allotrope as an optoelectronic device, it is important to investigate its optical properties, especially the dipole allowedness of the optical transition at the band edge. According to the Fermi's golden rule, the optical transition probability at the threshold energy is proportional to the square of the dipole matrix element,
For the superlattices, we calculated |M | 2 by solving the Bethe-Salpeter equation 50 together with the G 0 W 0 approximation 47 . For n = 2∼5, the optical transitions are stronger than that of GaN (Fig. 3 ). For n ≥ 6, they decrease with increasing n, but, their overall values are comparable to that of GaN, suggesting that our superlattices may be used as a deep UV light source. Recently, many carbon allotropes were predicted to be direct band gap semiconductors 24, 25, [32] [33] [34] [35] [36] , including S carbon, C carbon, Z-CACB, Z-ACA, fullerite C 24 , T carbon, TY carbon, sp 2 -diamond, and Amm2 carbon. As listed in Table I , the first three allotropes are equivalent to our superlattices with n = 2. Our G 0 W 0 calculations show that T carbon is of an indirect band gap of 2.86 eV, while its direct band gap is 3.69 eV. Moreover, sp 2 -diamond has a small direct band gap of about 3 eV and its optical transition measured by |M | 2 is only about 10% of GaN's. The rest of the allotropes have either high energies (0.17∼1.29 eV/atom) or small band gaps less than 3 eV, which are not suitable for deep UV optoelectronics.
To understand the strong optical transition, we analyzed the characteristics of the band edge states (Fig. 4) . It is clear that the charge density of the valence band maximum (VBM) is preferentially distributed at the bonding sites of the C(100) layers as in diamond. The planar-averaged charge densities also show that the bulklike C(100) layers contribute to VBM more than the defective layers. On the other hand, the charge density of the conduction band minimum (CBM) is largely confined in the defective layers, thus ruling out the possibility that the direct gap nature of our superlattices results
FIG. 1. The atomic structures of the C(100)n/C(5-7) superlattices for (a) n = 1, (b) n = 2 (type-I), (c) n = 2 (type-II), and (d) n = 3. Colored cyan and brown circles denote the C atoms which belong to the C(100) and C(5-7) layers, respectively. The black parallelepiped represents the unit cell spanned by the lattice vectors, a1, a2, and a3. from the effect of zone folding (see Appendix B). In fact, the less dispersive band derived from the defective layers lies near the conduction band edge (Fig. 2) . Due to the The squares of the dipole matrix elements, |M C(100)n/C(5−7) | 2 , for the optical transition at the threshold energy in the C(100)n/C(5-7) superlattices are compared with that of GaN, |MGaN| 2 .
large overlap of the band edge states near the interface layers, dipole-allowed optical transitions are significantly TABLE I. Summary of the structural and electronic properties of the C(100)n/C(5-7) superlattices. For each structure, the number of atoms per unit cell (N ), Bravais lattice, volume per atom (Ωc inÅ 3 /atom), total energy (Etot in meV/atom) relative to cubic diamond, direct (D) and indirect (ID) band gap sizes (Eg in eV), and space group are shown. Here Eg(PBE) and Eg(G0W0) denote the band gaps from the PBE exchange-correlation functional and quasiparticle G0W0 calculations, respectively. Bravais lattices are abbreviated, such as sm: simple monoclinic, base-co: base-centered orthorhombic, body-co: body-centered orthorhombic. Note that the S-S1Z2m allotropes 22 are identical to our C(100)2m+1/C(5-7) superlattices. enhanced in our superlattices.
Since the stacking of the C(100) layers is identical to that of diamond, the enthalpy of the superlattice tends to decrease with increasing n. The excess energies of the superlattices with n ≥ 3 are less than 90 meV per atom (Table I) , and these energies are lower than those of the previously reported non-superlattice allotropes (Fig. 5) . When we examined the dynamical stability by calculating the full phonon spectra, we found no imaginary phonon modes (Fig. 6 ). In addition, we carried out first- principles molecular dynamics simulations and confirmed that all the superlattices were stable up to 100 ps at the high temperature of 2000 K (Fig. 7) . Owing to the high thermal stability, the superlattices can be used for high power devices.
We propose that the defective layer can be formed from wafer bonding between two C(100) 2 × 1 surfaces, which can lead to the realization of our superlattice structures. Atomically smooth C(100) surfaces can be prepared through the growth of homoepitaxial layers by chemical vapor deposition 51, 52 . Upon thermal annealing, hydrogen desorption takes place and leads to the formation of clean C(100) 2 × 1 surfaces via surface reconstruction [53] [54] [55] [56] . Figure 8 shows the variation of total energy during the process of wafer bonding between two clean C(100) 2 × 1 surfaces. As the distance between the two surfaces decreases, the wafer bonding proceeds without any energy barrier, resulting in the C(5-7) defective layer. In the case of C(100) 2×1 monohydride surfaces, H desorption must occur via the formation of H 2 molecules. However, since this process is endothermic with a large energy barrier (at least 0.87 eV·Å −2 ), the C(5-7) layer cannot be easily formed.
Finally, we calculated the effective masses of hole and electron carriers along the principal axes from the Γ point, denoted as m h and m e , respectively (Table II) . For n = 2∼10, the average values of m h lie in the range of 0.34∼0.39 m 0 , nearly independent of n, where m 0 is the bare electron mass, and these effective masses are comparable to that (0.43 m 0 ) of diamond. On the other hand, the electron effective masses are more anisotropic than for holes, similar to the case of diamond. Since the lowest conduction band originates from the C(5-7) layers, its band dispersion becomes weakened as the distance between adjacent defective layers increases. As a consequence, the electron effective mass increases as n increases. The average values of m e are estimated to be 0.53∼1.42 m 0 . For small n, the electron effective masses are similar to that (0.40 m 0 ) of diamond, however, they increase by a factor of two or three for large n. Thus, short-period superlattices with small n are desirable to obtain high carrier mobility for both electrons and holes.
IV. CONCLUSIONS
In conclusion, we have predicted a family of pure Cbased superlattices that are of wide and direct band gaps. These superlattices can serve as a light emitter in the range of 210∼221 nm, with efficiencies comparable to that of GaN. The superlattice structure is characterized by alternating stacks of diamond (100) layers and a defective layer which forms the 5-and 7-membered rings with its neighboring layers. Since a large portion of superlattices comes from the diamond structure, their energies are quite low and consequently their stabilities are greatly enhanced. With the excellent thermal stability, the carbon superlattices have the potential to be used in optoelectronic devices which operate at very high voltage and temperature. We have shown that the defective layer can be formed through wafer bonding of two C(100) surfaces, which can lead to the realization of the superlattice structure. Our finding of direct gap carbon superlattices opens up the possibility of utilizing carbon allotropes for optoelectronic applications in a deep ultraviolet wavelength range. In the C(100) n /C(5-7) superlattices, the Bravais lattice is determined by the number of the C(100) layers and the relative positions of the C(5-7) defective layers, as shown in Table I . To compare consistently the band structures of these superlattices in the same type of Brillouin zone (BZ), we choose the lattice vectors, a 1 , a 2 , and a 3 , which are defined as a 1 = a/ √ 2, 0, 0 , a 2 = 0, √ 2a, 0 , a 3 = ia/2 √ 2, ja/2 √ 2, 2.16 + na/2 , where a is the lattice constant of cubic diamond inÅ unit. For the superlattices with odd n, i = 0 and j = 1. In the case of even n, i = 1 and j = 0 (2) for type-I (type-II) superlattices. Since different structural relaxations occur in the superlattices, the actual lengths of the lattice vectors vary to within 3.0% for n ≥ 2.
The reciprocal lattice vectors, b 1 , b 2 , and b 3 , are determined from the lattice vectors as described above. To draw the band structures of the C(100) n /C(5-7) superlattices, the following notations are used for the high symmetry k-points in the BZ: Γ = (0, 0, 0), Y = (0, 0, 0.5), C = (0, 0.5, 0.5), E = (0.5, 0.5, 0.5), A = (0.5, 0.5, 0), X = (0, 0.5, 0), Z = (0.5, 0, 0), D = (0.5, 0, 0.5), where the k-points are given in fractions of the reciprocal lattice vectors. Note that, for even n, the lattice vectors, the reciprocal lattice vectors, and the notations for the high symmetry k-points do not follow the conventional ones 58 . On the other hand, for odd n, the above notations are consistent with the conventional ones for the simple monoclinic lattice. The visual comparison of the band structures is shown in Figs. 9 and 10. 
The calculated band structures of the C(100)n/C(5-7) superlattices with n = 6 ∼ 10 by using the PBE functional. The energy of the valence band maximum is set to zero.
Appendix B: ORBITAL CHARACTERISTICS OF BAND EDGE STATES
To describe the orbital characteristics of the VBM and CBM states in the C(100) n /C(5-7) superlattices with n ≥ 2, we use the band unfolding scheme [59] [60] [61] . As illustrated in Fig. 4 , the wave functions for the band edge states are distributed in both the bulk-like C(100) and defective C(5-7) layers. Here we only consider the wave functions of VBM and CBM which are distributed in the C(100) layers, not in the defective layers.
First, we set up an artificial supercell which is made by repeating the n C(100) layers but removing the defective layer in the unit cell of the C(100) n /C(5-7) superlattice. Second, we obtain the projected wave function by decomposing the confined wave function in the C(100) layers into the l = 0, 1, and 2 spherical harmonics. In this case, we choose a sphere with the radius of 0.8Å around each C atom in the C(100) layers. Third, we determine a sampling of k fcc -points by using the folding relation, k SC − G SC = k fcc , based on the unfolding scheme, where k fcc represents the k-points in the first BZ of the fcc lattice of cubic diamond, whereas k SC for those in the first BZ of the artificial supercell.
Here, k SC = (0, 0, 0), because the orbital characteristics of VBM and CBM in the C(100) n /C(5-7) superlattices are analyzed at the Γ point. The k x and k y components of G SC are given in terms of the reciprocal vectors on the lateral plane, 2π a ( √ 2, 0, 0) and
, where a is the lattice constant of cubic diamond. Along the k z direction, instead of taking into account the periodicity of the supercell, we consider an isolated slab which only consists of the n C(100) layers. Then, the wave function along the direction perpendicular to the lateral plane is described by a confined standing wave instead of the folded Bloch wave 59 . Using the Hückel theory 62 for the confined standing wave, we obtain the k z component of G SC which satisfies the relation, G SC kz = ± 2π a m n+1k z , where m is a positive integer. Note that, for m > n, G SC is located outside the first BZ of cubic diamond. Thus, we choose the m values (m = 1, 2, . . ., n) for the k fcc sampling. For example, in the C(100) n /C(5-7) superlattice with n = 5, five k fcc points are chosen along the Γ-X line, as shown in Fig. 11.   FIG. 11 . The orbital characteristics of the VBM, CBM, and second CBM states at the Γ point of the C(100)n=5/C(5-7) superlattice. Black solid lines indicate the first BZ of the fcc lattice of cubic diamond. The size of red circles is proportional to the degree of contributions from the bulk states in the fcc BZ of cubic diamond. Note that the wave function of VBM is mostly distributed in the C(100) layers, and its character is mainly derived from the bulk states around the Γ point. While the wave function of CBM is mostly confined in the defective layers, a small portion of its wave function is also distributed in the C(100) layers, and its orbital character is similar to those for the bulk states around the Γ point. On the other hand, the second CBM state is contributed from the bulk states around the X-valley and thus attributed to the zone folding effect.
Appendix C: STRUCTURAL INFORMATION ON THE SUPERLATTICES
The structural information on the lattice parameters and Wyckoff positions of the C atoms are shown in Tables III and IV. 
